Abstract: Mitochondria contain elaborate machineries for the import of precursor proteins from the cytosol. The translocase of the outer mitochondrial membrane (TOM) performs the initial import of precursor proteins and transfers the precursors to downstream translocases, including the presequence translocase and the carrier translocase of the inner membrane, the mitochondrial import and assembly machinery of the intermembrane space, and the sorting and assembly machinery of the outer membrane. Although the protein translocases can function as separate entities in vitro, recent studies revealed a close and dynamic cooperation of the protein import machineries to facilitate efficient transfer of precursor proteins in vivo. In addition, protein translocases were found to transiently interact with distinct machineries that function in the respiratory chain or in the maintenance of mitochondrial membrane architecture. Mitochondrial protein import is embedded in a regulatory network that ensures protein biogenesis, membrane dynamics, bioenergetic activity and quality control.
Introduction
Mitochondria are essential cell organelles in virtually all eukaryotic cells with a large variety of functions from bioenergetics to metabolism, signaling and apoptosis (Newmeyer and Ferguson-Miller, 2003; McBride et al., 2006; Neupert and Herrmann, 2007; Lill, 2009; Galluzzi et al., 2012; Nunnari and Suomalainen, 2012; Harbauer et al., 2014b; Raimundo, 2014; Strich, 2015) . The mitochondrial proteome comprises more than 1,000 different proteins Prokisch et al., 2004; Reinders et al., 2006; Pagliarini et al., 2008; Calvo and Mootha, 2010; Schmidt et al., 2010) . Mitochondria are derived from a prokaryotic ancestor related to α-proteobacteria and have retained their own genome and protein synthesis machinery in the matrix (Margulis, 1970; Gray et al., 1999; Dolezal et al., 2006; Kutik et al., 2009 ). The mitochondrial genome typically encodes a few hydrophobic subunits of the oxidative phosphorylation machinery (Foury et al., 1998; Gray et al., 1999; Allen, 2003; Ott and Herrmann, 2010) . Thus, in most organisms only ~1% of mitochondrial proteins are synthesized in the matrix and are exported into the inner membrane (Figure 1 ).
The majority of mitochondrial proteins are encoded by nuclear genes Reinders et al., 2006; Neupert and Herrmann, 2007; Pagliarini et al., 2008; Chacinska et al., 2009 ). The genes were either transferred from the primordial mitochondrial genome to the nucleus or new genes coding for mitochondrial proteins evolved in the eukaryotic cell. Thus, most mitochondrial proteins are synthesized in the cytosol as precursor forms. The precursor proteins are endowed with targeting information to direct the proteins to mitochondria and into the mitochondrial subcompartments (Neupert and Herrmann, 2007; Chacinska et al., 2009) . The most frequent targeting signal is an amino-terminal cleavable presequence, found in about 60% of all mitochondrial proteins (Schatz and Dobberstein, 1996; Vögtle et al., 2009; Schulz et al., 2015) . Non-cleavable precursor proteins contain different kinds of internal targeting signals located in the mature portion of the proteins ). Here we first provide a short overview of the five major pathways of protein translocation into mitochondria and then discuss the emerging principle that the protein translocases are embedded in a network of different machineries controlling mitochondrial bioenergetics, architecture and dynamics.
Principles of mitochondrial protein import
The mitochondrial outer membrane forms the barrier between mitochondria and the cytosol. All nuclearencoded precursors of mitochondrial proteins have to be translocated into or across the outer membrane. The translocase of the outer mitochondrial membrane (TOM) is responsible for importing most proteins into mitochondria (Ryan et al., 2000; Dolezal et al., 2006; Chacinska et al., 2009; Schmidt et al., 2010; Endo et al., 2011; Stojanovski et al., 2012a; Wenz et al., 2015b) . The TOM receptors specifically recognize the precursor proteins via their targeting signals ( Figure 1 ). The protein-conducting channel Tom40 is subsequently used by the vast majority of precursor proteins.
Tom40 translocates precursor proteins that are destined for at least four different protein import pathways ( Figure 1 ). (i) More than half of all mitochondrial proteins are imported by the presequence pathway (Vögtle et al., 2009) . The presequences direct the proteins through The large majority of mitochondrial proteins are synthesized in the cytosol and imported by the translocase of the outer membrane (TOM). Downstream machineries are responsible for sorting of the precursor proteins to the intramitochondrial compartments outer membrane (OM), intermembrane space (IMS), inner membrane (IM) and matrix. The mitochondrial IMS import and assembly (MIA) machinery promotes import and oxidation of proteins by insertion of disulfide bonds. The presequence translocase of the IM (TIM23) can sort precursor proteins into the inner membrane or, in cooperation with the presequence translocase-associated motor (PAM), into the matrix. The mitochondrial processing peptidase (MPP) cleaves off the amino-terminal presequences. The small TIM chaperones in the IMS deliver β-barrel precursors to the sorting and assembly machinery (SAM) of the OM and non-cleavable precursors of multi-spanning inner membrane proteins to the carrier translocase of the IM (TIM22). The membrane potential (Δψ) drives protein translocation by TIM23 as well as TIM22. Some α-helical OM proteins can bypass the TOM channel and are inserted into the OM by the mitochondrial import (MIM) complex. Mitochondrial-encoded proteins are exported into the IM by the oxidase assembly (OXA) translocase.
the TOM complex to the presequence translocase of the inner mitochondrial membrane (TIM23) Mokranjac and Neupert, 2010; van der Laan et al., 2010; Schulz et al., 2015) . The mitochondrial processing peptidase (MPP) removes the presequences (Hawlitschek et al., 1988; Taylor et al., 2001; Mossmann et al., 2012; Teixeira and Glaser, 2013) and the proteins are imported into the matrix with the help of the presequence translocase-associated motor (PAM) (Kang et al., 1990; Matouschek et al., 1997; D'Silva et al., 2003; Mokranjac et al., 2003; Truscott et al., 2003; Schulz et al., 2015) . Two energy sources drive protein translocation. The membrane potential (Δψ) across the inner membrane activates the channel protein Tim23 and moves the positively charged presequences in an electrophoretic manner (Martin et al., 1991; Truscott et al., 2001; Shariff et al., 2004; Krayl et al., 2007; van der Laan et al., 2007; Malhotra et al., 2013) . PAM with the matrix heat shock protein of ~70 kDa (mtHsp70) is driven by ATP (Kang et al., 1990; Wickner and Schekman, 2005) . Some precursor proteins that contain hydrophobic stop transfer sequences are arrested in the inner membrane and are laterally released into the inner membrane (Glick et al., 1992; Bömer et al., 1997; Ieva et al., 2014) . (ii) The large carrier family of the inner membrane includes numerous metabolite carriers that contain six transmembrane segments. The non-cleavable precursors of metabolite carriers are also imported by TOM, yet are then transferred to hexameric chaperones in the intermembrane space, the so-called small TIM chaperones (Neupert and Herrmann, 2007; Chacinska et al., 2009 ). Insertion of the precursors into the inner membrane is mediated by the carrier translocase of the inner membrane (TIM22) . The TIM22 complex is driven by Δψ, yet does not require ATP-dependent chaperones. (iii) Many intermembrane space proteins contain characteristic cysteine motifs (Koehler, 2004; Gabriel et al., 2007) . Upon passage through the Tom40 channel, these precursor proteins interact with the mitochondrial intermembrane space import and assembly (MIA) machinery (Stojanovski et al., 2012b; Ceh-Pavia et al., 2013) . The core component Mia40 recognizes the precursor proteins and mediates the formation of disulfide bonds in the imported proteins. (iv) The precursors of β-barrel proteins of the outer membrane are translocated through the TOM channel to the small TIM chaperones and are inserted into the outer membrane by the sorting and assembly machinery (SAM, also termed TOB complex) (Walther and Rapaport, 2009; Höhr et al., 2015) .
In addition to β-barrel proteins, the mitochondrial outer membrane contains several types of membrane proteins with α-helical transmembrane segments (Walther and Rapaport, 2009) . The mechanisms of insertion of these proteins into the outer membrane are only understood in part. The mitochondrial import (MIM) complex has been found to support membrane insertion of a number of outer membrane proteins, in particular proteins with amino-terminal or multiple transmembrane segments (Becker et al., , 2011a Popov-Čeleketić et al., 2008b; Hulett et al., 2008; Papić et al., 2011; Dimmer et al., 2012; Wenz et al., 2014) . TOM receptors can help in the recognition of α-helical precursor proteins. The lipid composition of the outer membrane is important for the biogenesis of outer membrane proteins Becker et al., 2013; Horvath and Daum, 2013; Vögtle et al., 2015) . It has been proposed that some precursor proteins, in particular proteins with a carboxy-terminal membrane anchor (tail-anchored proteins), do not use proteinaceous machineries but just depend on the proper lipid composition for insertion into the outer membrane (Setoguchi et al., 2006; Kemper et al., 2008; Krumpe et al., 2012; Merklinger et al., 2012) .
The TOM complex interacts with downstream translocases
The TOM complex forms the major entry site for mitochondrial proteins. The receptors Tom20 and Tom22 mainly recognize precursor proteins with presequences (Moczko et al., 1997; Komiya et al., 1998; van Wilpe et al., 1999; Abe et al., 2000; Saitoh et al., 2007; Yamano et al., 2008; Shiota et al., 2011) . Tom70 shows a preference for precursor with hydrophobic segments such as the metabolite carriers (Wiedemann et al., 2001; Wu and Sha, 2006; Yamamoto et al., 2009) . The receptors deliver the precursor proteins to Tom40 that forms a β-barrel channel for translocation of different kinds of proteins into mitochondria (Hill et al., 1998; Ahting et al., 2001; Suzuki et al., 2004; Becker et al., 2005) . The inside of the channel provides acidic binding sites for positively charged presequences and hydrophobic regions for hydrophobic precursors. Thus, although hydrophilic and hydrophobic precursor proteins use the same channel, they interact with different residues inside the channel pore (Shiota et al., 2015a) .
The TOM complex is crucial for transferring the precursor proteins in a competent state to downstream translocases. Recent studies revealed that TOM directly interacts with proteinaceous machineries of at least three different import pathways in a dynamic manner. (i) The amino-terminal segment of Tom40 that is located in front of its β-barrel domain shows a remarkable topology. The segment passes from the cytosolic side through the β-barrel channel interior to the intermembrane space side where it transiently interacts with the small TIM chaperones ( Figure 2A ). The direct interaction between Tom40 and the chaperone complex of the intermembrane space promotes efficient transfer of hydrophobic precursor segments of metabolite carriers from the channel interior to the protective chaperone environment (Shiota et al., 2015a) . The small TIM chaperones deliver the carrier precursors to the TIM22 complex of the inner membrane . Thus, a misfolding or aggregation of metabolite carriers is prevented. The dynamic TOM-small TIM interaction likely also helps in the transfer of β-barrel precursors, yet this has not been shown experimentally so far. (ii) For the transfer of β-barrel precursors, a further TOM interaction was identified. The TOM complex forms a transient supercomplex with the SAM complex ( Figure 2A ). The receptor Tom22 and the peripheral SAM subunit Sam37 interact on the cytosolic side of the outer membrane and recruit a fraction of TOM and SAM complexes into a TOM-SAM supercomplex that promotes the efficient transfer of β-barrel precursors (Qiu et al., 2013; Wenz et al., 2015a) . The TOM complex thus undergoes interactions on each side of the outer membrane in order to position the small TIM chaperones and SAM in its direct vicinity. (iii) The TOM complex also forms a supercomplex with the TIM23 complex. This two-membrane-spanning supercomplex is stabilized by a precursor protein in transit ( Figure 2B ) (Dekker et al., 1997; Sirrenberg et al., 1997; Geissler et al., 2002; Chacinska et al., 2003 Chacinska et al., , 2010 Frazier et al., 2003; Popov-Čeleketić et al., 2008a) and involves the intermembrane space domain of Tom22 as well as several Tim proteins that expose domains to the intermembrane space: Tim50, Tim23 and Tim21 (Moczko et al., 1997; Geissler et al., 2002; Yamamoto et al., 2002; Chacinska et al., 2005; Mokranjac et al., 2005 Meinecke et al., 2006; Alder et al., 2008; Tamura et al., 2009; de la Cruz et al., 2010; Bajaj et al., 2014; Waegemann et al., 2015) . Tim50 functions as a receptor in the intermembrane space and accepts precursor proteins after (A) The protein-conducting channel Tom40 of the outer membrane (OM) possesses an amino-terminal α-helical segment that passes through the interior of the Tom40 β-barrel channel to the intermembrane space (IMS) side and recruits small TIM chaperones. Thus, the precursors of membrane proteins, β-barrel proteins of the OM and metabolite carriers of the inner membrane (IM), can be directly transferred from the Tom40 channel to chaperones in the IMS to prevent misfolding and aggregation of hydrophobic precursor regions. In addition, TOM and SAM complexes form a transient supercomplex via the interaction of the receptor Tom22 and the peripheral membrane protein Sam37 to promote efficient transfer of precursor proteins. POTRA, polypeptide transport-associated domain of Sam50; SAM, sorting and assembly machinery; TOM, translocase of the outer membrane. (B) During translocation of preproteins, TOM and TIM23 form a two membranespanning supercomplex. The intermembrane space domain of Tom22 and Tim proteins with domains in the IMS, in particular Tim50, Tim21 and Tim23, participate in the formation, regulation and/or dissociation of the TOM-TIM23 supercomplex. Δψ, membrane potential; TIM23, presequence translocase of the inner membrane. their translocation through Tom40 and binding to the Tom22-intermembrane space domain (Schulz et al., 2011; Shiota et al., 2011; Waegemann et al., 2015) . Tim21 plays a regulatory role and helps in displacing precursor proteins from Tom22 Albrecht et al., 2006; Bolender et al., 2008) . The amino-terminal domain of Tim23 cooperates with Tim50 and helps in precursor transfer to the protein import channel formed by the carboxy-terminal domain of Tim23 (Truscott et al., 2001; Tamura et al., 2009; Qian et al., 2011; Schulz et al., 2011; Li and Sha, 2015) .
The TOM complex is more abundant than other protein translocases such as TIM23 or SAM. Thus only a fraction of TOM complexes are recruited into the individual supercomplexes (Dekker et al., 1997; Sirrenberg et al., 1997; Ghaemmaghami et al., 2003) . Additionally, all supercomplexes involving protein translocases are of transient, dynamic nature. We propose that the translocase supercomplexes do not represent rigid entities but their formation and dissociation are part of the reaction cycle in transferring precursor proteins.
The TIM23 complex cooperates with the import motor and respiratory chain complexes
The TIM23 complex cooperates with machineries located in three different mitochondrial subcompartments: the TOM complex of the outer membrane ( Figure 2B ), respiratory chain complexes of the inner membrane, and the import motor PAM on the matrix side (Figure 3) . In each case, dynamic supercomplexes are formed.
(i) The TOM-TIM23 supercomplex has been discussed in the previous chapter. (ii) The interaction of TIM23 with the respiratory chain complexes III (bc 1 complex) and IV (cytochrome c oxidase) is of particular importance for precursor proteins that are laterally sorted into the inner membrane. These precursors contain hydrophobic sorting signals that stop translocation in the inner membrane and induce a lateral opening of the TIM23 complex (Glick et al., 1992; Geissler et al., 2000; Neupert and Herrmann, 2007; Botelho et al., 2011; Park et al., 2013) . The TIM23 core machinery interacts dynamically with the TOM complex, the respiratory chain complexes III and IV, and with modules of the import motor. Inner membrane (IM) precursor proteins with a hydrophobic stop transfer (sorting) signal are arrested in the TIM23 complex and are laterally released involving the gatekeeper Mgr2. Tim21 couples proton-pumping respiratory chain complexes to TIM23. Protein translocation into the matrix involves TIM23 and the import motor with the central chaperone mtHsp70 that is driven by ATP. Organization and mechanisms of the TIM23-PAM machinery are only understood in part. Δψ, membrane potential; IMS, intermembrane space; OM, outer mitochondrial membrane; TIM23, presequence translocase of the inner membrane; TOM, translocase of the outer membrane.
The lateral opening involves Tim17, a partner protein of Tim23, and the lateral gatekeeper protein Mgr2 van der Laan et al., 2007 van der Laan et al., , 2013 Malhotra et al., 2013; Ieva et al., 2014; Steffen and Koehler, 2014) . Tim21, which is associated with Mgr2, binds to the respiratory chain complexes and positions them in close vicinity of the TIM23 translocation channel (Figure 3 ) (van der Laan et al., 2006; Wiedemann et al., 2007; Gebert et al., 2012) . Laterally sorted precursors depend on the membrane potential as energy source for driving translocation. The close vicinity to respiratory chain complexes is of particular importance when mitochondria have a lower energetic activity (lower membrane potential), e.g. under conditions of limited food supply. The exact mechanism has not been identified, but it is conceivable that translocases in direct vicinity of proton-pumping respiratory complexes experience a higher proton-motive force. A further function of the TIM23-respiratory chain link has been found in human mitochondria. Here Tim21 is part of an intermediate complex for assembly of respiratory complexes, termed MITRAC (mitochondrial translation regulation assembly intermediate of cytochrome c oxidase) (Mick et al., 2012) . The MITRAC complex provides a link between protein sorting via the TIM23 complex, respiratory chain assembly and regulation of protein synthesis in the mitochondrial matrix. Additionally, the ADP/ATP carrier of the inner membrane associates with the TIM23 complex independently of the respiratory chain (Dienhart and Stuart, 2008; Mehnert et al., 2014) . This association may also promote protein import under conditions of low respiratory activity. (iii) The TIM23 complex tightly cooperates with the import motor PAM. PAM is required for the translocation of polypeptide segments into the matrix. The central component mtHsp70 is driven by ATP binding and hydrolysis. mtHsp70 binds the polypeptides in transit and generates an import-driving activity by a combination of pulling and trapping of the polypeptides (Kang et al., 1990; Ungermann et al., 1996; Voos et al., 1996; Voisine et al., 1999; Liu et al., 2003) . Four membrane-bound partner proteins/co-chaperones coordinate the activity of mtHsp70 at the presequence translocase. Tim44 functions as an adaptor molecule that links mtHsp70 to the translocation channel (Kronidou et al., 1994; Rassow et al., 1994; Schneider et al., 1994) . The J-protein Pam18 (Tim14) stimulates the ATPase activity of mtHsp70 and the J-like protein Pam16 (Tim16) controls the stimulatory function of Pam18 Truscott et al., 2003; Frazier et al., 2004; Kozany et al., 2004; Li et al., 2004; Mokranjac et al., 2006) . Pam17 plays a regulatory role in the recruitment of motor modules to the presequence translocase (van der Laan et al., 2005; Hutu et al., 2008; Popov-Čeleketić et al., 2008a) . In addition, the soluble nucleotide exchange factor Mge1 stimulates the release of ADP from mtHsp70 and thus promotes the initiation of a new mtHsp70 reaction cycle (Laloraya et al., 1994; Westermann et al., 1995) . The import motor is a highly dynamic machine and its exact molecular mechanism is still the subject of an ongoing debate.
The current evidence suggests that the TIM23 complex does not interact with all partner proteins simultaneously, but undergoes a reaction cycle where the association with partner complexes changes. In particular, the TIM23 complex either binds to the TOM complex (early phase of preprotein translocation from the outer membrane to the inner membrane) or to respiratory chain complexes (lateral sorting of preproteins) (Chacinska et al., , 2010 van der Laan et al., 2006 van der Laan et al., , 2007 Wiedemann et al., 2007; Dienhart and Stuart, 2008) . The situation is more complex for the TIM23-PAM interaction where different models about the stability of the interaction are discussed. The models range from a permanent association of TIM23 and PAM to a dynamic interaction of different PAM modules with TIM23 (Chacinska et al., , 2010 Popov-Čeleketić et al., 2008a; Ting et al., 2014) . It is as yet unknown whether the three states of the TIM23 complex depicted in Figure 3 
Protein translocases and mitochondrial architecture
The surface of the mitochondrial inner membrane is considerably larger than that of the outer membrane. The inner membrane forms invaginations, termed cristae, which are the major site for oxidative phosphorylation (Gilkerson et al., 2003) . The respiratory chain complexes and the F 1 F o -ATP synthase are mainly located in the cristae membranes, whereas protein translocases are enriched in the inner boundary membrane that is adjacent to the outer membrane (Figure 4) (Werner and Neupert, 1972; Vogel et al., 2006; Wurm and Jakobs, 2006; Dudkina et al., 2010; Davies et al., 2011 Davies et al., , 2012 Stoldt et al., 2012; Daum et al., 2013) . Crista junctions are narrow tubular openings that connect the cristae membranes to the inner boundary membrane (Palade, 1953; Perkins et al., 1997; Frey and Mannella, 2000; Frey et al., 2002; Mannella, 2006a,b) .
Recent studies led to the identification of a large protein complex that is enriched at crista junctions and termed the mitochondrial contact site and cristae organizing system (MICOS) (Harner et al., 2011 (Harner et al., , 2014 Hoppins et al., 2011; von der Malsburg et al., 2011; Alkhaja et al., 2012; Pfanner et al., 2014; Friedman et al., 2015; Wideman and Muñoz-Gómez, 2016) . The MICOS complex is crucial for maintaining the architecture of the inner membrane. The smallest subunit, Mic10, forms large oligomers in the inner membrane that likely constitute the basis of crista junctions (Barbot et al., 2015; Bohnert et al., 2015) . In addition, the MICOS complex forms contact sites with the mitochondrial outer membrane. Here the largest subunit, Mic60 (previously termed mitofilin), is of particular importance. MICOS interacts with several major protein complexes of the outer membrane, including the metabolite channel Porin (VDAC) and the protein translocases TOM and SAM (Figure 4) (Xie et al., 2007; Harner et al., 2011; Hoppins et al., 2011; von der Malsburg et al., 2011; Körner et al., 2012; Ott et al., 2012; Zerbes et al., 2012) . Mic60 of the inner membrane thus stimulates the biogenesis of β-barrel proteins of the outer membrane . The exact molecular mechanism has not been identified, yet it was found that Mic60 promotes the early stage of translocation of β-barrel precursors through TOM to the intermembrane space side.
Mic60 also transiently interacts with Mia40 of the intermembrane space import and assembly machinery. Mia40 binds to intermembrane space precursors containing cysteine motifs upon their translocation through the Tom40 channel Sideris and Tokatlidis, 2007; Sideris et al., 2009 ). Mia40 forms a transient mixed disulfide bond between an own cysteine Figure 4 : ERMIONE, an ER-mitochondria organizing network. The mitochondrial contact site and cristae organizing network (MICOS) is enriched at crista junctions of the inner membrane (IM) and interacts with the translocases TOM and SAM of the outer membrane (OM) and Mia40 of the intermembrane space (IMS) import machinery. The mitochondrial distribution and morphology protein Mdm10 has a dual localization in SAM and the ER-mitochondria encounter structure (ERMES). Tom7 also has a dual localization, as subunit of TOM and as binding partner of Mdm10. These machineries form the core of a large dynamic organizing center, termed ERMIONE, that spans three membranes from the ER via OM to IM and is important for mitochondrial membrane architecture, protein biogenesis and lipid transfer. ER, endoplasmic reticulum; POTRA, polypeptide transport-associated domain of Sam50; SAM, sorting and assembly machinery; TOM, translocase of the outer membrane.
residue and a cysteine residue of the precursor Stojanovski et al., 2012b) . As Mic60 transiently interacts with both Mia40 and the TOM complex (Figure 4) , it helps to position Mia40 at the exit of the TOM channel such that Mia40 can immediately grab the incoming precursor protein (von der Malsburg et al., 2011) . In a disulfide relay involving the sulfhydryl oxidase Erv1, Mia40 inserts disulfide bonds into the imported precursors (Mesecke et al., 2005; Rissler et al., 2005; Müller et al., 2008; Böttinger et al., 2012) . The intramolecular disulfide bonds stabilize the folded state of the imported proteins (Figure 1 ), leading to trapping of the proteins in the intermembrane space.
MICOS thus forms a dynamic network of interactions between the inner and outer membranes of mitochondria. This network also involves endoplasmic reticulum (ER)-mitochondria contact sites. The ER-mitochondria encounter structure (ERMES) connects ER and the mitochondrial outer membrane and plays a role in maintaining the shape of mitochondria and promoting phospholipid transfer between both organelles (Burgess et al., 1994; Sogo and Yaffe, 1994; Berger et al., 1997; Kornmann et al., 2009; Kopec et al., 2010; Voss et al., 2012; Elbaz-Alon et al., 2014; Schauder et al., 2014; Wideman and Muñoz-Gómez, 2016) . Figure 4 depicts a remarkable connection between the SAM complex and ERMES. The mitochondrial distribution and morphology protein Mdm10 has a dual localization (Boldogh et al., 2003; Meisinger et al., 2004 Meisinger et al., , 2007 Kornmann et al., 2009; Thornton et al., 2010; Wideman et al., 2010; Yamano et al., 2010a; Becker et al., 2011b) . It is a subunit of both SAM and ERMES. Mdm10 shuttles between both complexes, providing a link between protein biogenesis and organellar contact sites. Tom7, a small subunit of the TOM complex, plays a regulatory role in Mdm10 shuttling. While Tom7 is mainly located in the TOM complex, a fraction of Tom7 molecules bind to Mdm10 that has been released from SAM and stimulate its transfer to ERMES Yamano et al., 2010b; Becker et al., 2011b) . In addition, genetic interactions have been reported for ERMES and MICOS subunits (Hoppins et al., 2011) . These findings reveal that in vivo protein translocases and morphology machineries do not function as independent entities, but they are embedded into a large regulatory network that controls mitochondrial architecture and biogenesis. We termed this dynamic network spanning across three membranes the ER-mitochondria organizing network (ERMIONE) (van der Laan et al., 2012; Wideman and Muñoz-Gómez, 2016) .
Contact sites between the mitochondrial outer and inner membranes are not only formed via the MICOS complex, but several more dynamic contact structures have been reported (summarized in Reichert and Neupert, 2002; van der Laan et al., 2012; Horvath et al., 2015) . With regard to protein translocases, the TOM-TIM23 supercomplex forms an important contact site. While MICOS is enriched directly at crista junctions, the TOM-TIM23 import sites are on average 30-60 nm away from crista junctions (Gold et al., 2014) . TOM complexes thus exist in several pools that contribute to TOM-TIM23 and TOM/ SAM-MICOS organizing centers of mitochondria. Considering the dynamic behavior of the contact sites, we envisage that the TOM pools are in exchange with each other.
Unconventional translocation mechanisms
The dynamic organization of the mitochondrial protein import machineries is underscored by an increasing number of unusual protein translocation routes that cannot be assigned to any of the known five major protein import pathways (Figure 1) . A striking example is the biogenesis of the abundant outer membrane protein Om45. This protein contains an amino-terminal membrane anchor and a large hydrophilic domain that is exposed to the intermembrane space. The precursor of Om45 is first imported by the presequence pathway using TOM and TIM23 including the membrane potential Δψ, yet then escapes from this pathway (Song et al., 2014; Wenz et al., 2014) . Om45 is exported and assembled into the outer membrane in a process involving the MIM complex that so far had only been known to import proteins delivered from the cytosolic side (Becker et al., , 2011a Thornton et al., 2010) . The Om45 route reveals that elements from different pathways, which were previously considered to be completely independent, can be combined into new mitochondrial protein sorting routes.
Reverse translocation of proteins will receive increasing attention as a means of regulating protein distribution. The sorting route of fumarase, which is located in both the cytosol and mitochondria, is an elegant example (Sass et al., 2003) . For both forms, mitochondrial and cytosolic fumarase, the protein is synthesized as precursor with cleavable amino-terminal presequence in the cytosol. The precursor is imported via the TOM-TIM23 complexes such that the presequence can be cleaved off by MPP in the matrix, whereas the mature portion is still located in the TOM-TIM23 import site and on the mitochondrial surface ( Figure 5A ). The final destination of the fumarase molecules depends on the kinetics of translocation into mitochondria and folding in the matrix versus the kinetics of reverse translocation and folding on the cytosolic surface of mitochondria (Sass et al., 2003) . For more than half of the molecules, folding of the mature protein occurs outside mitochondria and thus they will not be fully imported, but are released from the mitochondrial import sites and become located in the cytosol. The remaining fumarase molecules are fully imported into mitochondria and attain the final location in the matrix. Thus, a presequence-carrying precursor protein can lead to processed mature proteins located in two different cellular compartments.
Retro-translocation is a further recently identified mechanism for regulating the mitochondrial protein content. Whereas in reverse translocation proteins in transit can move back and forth in the translocation channels, retro-translocation means that fully imported proteins are subsequently exported from mitochondria (Kalderon and Pines, 2014) . Bragoszewski et al. (2015) showed that the content of the mitochondrial intermembrane space can be regulated by retro-translocation. Many intermembrane space proteins are imported via TOM and the MIA system. The insertion of disulfide bonds into the imported proteins by oxidative folding stabilizes the mature proteins. When proteins do not fold properly, e.g. caused by a mutational replacement of a cysteine residue or by a reduction of their disulfide bonds, they can be retro-translocated into the cytosol ( Figure 5B ). Retrotranslocation will contribute to the quality control of mitochondrial intermembrane space proteins. Misfolded or damaged proteins are exported to the cytosol where they become substrates of the proteasomal degradation machinery .
Conclusions and open questions
The mitochondrial protein translocases do not function as independent machines but are embedded into a network of machineries that operate in protein biogenesis, bioenergetics, membrane architecture and organellar dynamics. This network involves dynamic physical contacts between protein translocases and various protein complexes such as respiratory chain complexes and morphology (A) The precursor of fumarase is synthesized with a presequence. Upon synthesis on cytosolic ribosomes, the precursor is translocated into the TOM-TIM23 supercomplex such that the presequence reaches the matrix and is cleaved off by the mitochondrial processing peptidase (MPP). More than half of the cleaved fumarase molecules are translocated in a reverse manner into the cytosol (route i), yielding mature cytosolic fumarase. The other fumarase molecules are fully imported into the matrix (route ii), yielding mitochondrial fumarase. Δψ, membrane potential; IM, inner mitochondrial membrane; OM, outer mitochondrial membrane; PAM, presequence translocase-associated motor; TIM23, presequence translocase of the inner membrane; TOM, translocase of the outer membrane. (B) Intermembrane space (IMS) proteins that are imported via the MIA machinery can be exported by the TOM complex when their stable folding in the IMS (oxidation with formation of intramolecular disulfides) is impaired. The exported proteins, which are not properly folded, become substrates of the proteasome in the cytosol. MIA, Mitochondrial intermembrane space import and assembly machinery.
machineries. The network is not limited to mitochondria but includes contact sites with the ER, leading to a three membrane-spanning network termed ERMIONE (van der Laan et al., 2012; Wideman and Muñoz-Gómez, 2016) . We propose that ERMIONE serves as an organizing center for coordinating a broad variety of tasks from protein and lipid biogenesis to mitochondrial architecture and membrane remodeling.
Important questions for future research concern the regulation of the translocase network under different metabolic states and stress conditions. Recent studies revealed that the main protein entry gate, the TOM complex, is the subject of intensive regulation by cytosolic signaling cascades, including modification of Tom proteins by protein kinase A, casein kinases 1 and 2, and cyclin-dependent kinase Harbauer et al., 2014a,b) . This is just one example of regulatory processes. It is likely that most, if not all, protein translocases will be regulated by cellular signaling processes.
The role of cytosolic factors in the regulation of mitochondrial protein biogenesis will receive major attention. Whereas numerous studies on the protein transport processes occurring inside mitochondria have been reported, only limited information is available on the early phase of mitochondrial protein biogenesis in the cytosol and its regulation (Harbauer et al., 2014b; Haynes, 2015; Kalderon et al., 2015; Shiota et al., 2015b; Wang and Chen, 2015; Wrobel et al., 2015) . Mitochondrial precursor proteins can be bound to cytosolic chaperones and possibly further factors. The specific interaction of chaperones or putative targeting factors with the membrane-bound protein import machinery of mitochondria will be an attractive area of research (Young et al., 2003; Schmidt et al., 2011; Papić et al., 2013) . The majority of mitochondrial proteins can be imported in a post-translational manner, i.e. after completion of their synthesis on cytosolic ribosomes. However, the relevance of co-translational translocation is the subject of a long-standing debate and mRNA targeting and/or nascent chain-ribosome targeting to mitochondria represent attractive means of regulating mitochondrial biogenesis (Kellems et al., 1975; Marc et al., 2002; Yogev et al., 2007; Eliyahu et al., 2010; Quenault et al., 2011; Williams et al., 2014) .
The dynamics of the mitochondrial protein import machinery and its connection to cytosolic processes will be of increasing importance for our understanding of cellular stress response and quality control. The activity of the mitochondrial protein import machinery is influenced by the energetic state of mitochondria and the folding behavior of proteins and thus will be an important sensor of mitochondrial fitness and quality (Harbauer et al., 2014b) . Important topics are the mitochondrial stress response (Ryan and Hoogenraad, 2007) , the differential localization of the activating transcription factor associated with stress-1 (ATFS-1) (Nargund et al., 2012; Haynes et al., 2013) and of the mitochondrial kinase PINK1 with important implications for the pathogenesis of familial cases of Parkinson's disease (Lazarou et al., 2012; Yamano and Youle, 2013) , and proteostatic responses in the cytosol caused by the accumulation of mistargeted mitochondrial proteins (Haynes, 2015; Wang and Chen, 2015; Wrobel et al., 2015) . Research on mitochondrial biogenesis thus spans a broad spectrum from basic studies on molecular mechanisms to cellular regulation, quality control and the involvement of mitochondrial functions in the pathogenesis of human diseases.
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